In this study, we investigated and compared the electrophysiological and molecular properties of large-conductance Ca 2+ -activated K + (BK Ca ) channels between human internal mammary arteries (IMA) and radial arteries (RA).
Introduction
Coronary artery bypass graft (CABG) surgery remains an important treatment in patients with coronary artery disease. Arterial graft conduits, most notably from the internal mammary artery (IMA) and radial artery (RA), have been demonstrated to have superior longterm patency rates compared with that of saphenous vein grafts. 1 -3 However, vasospasm of arterial grafts remains a significant problem, increasing the incidence of peri-operative angina and acute myocardial infarction and intimal hyperplasia of grafted vessels. 3, 4 RA grafts appear to exhibit a greater propensity for spasm than IMA grafts, and the precise mechanism responsible remains unclear. 5, 6 Potassium (K + ) channels play an important role in the regulation of vascular tone and membrane potential. 7, 8 Of the different types that exist, the large-conductance Ca 2+ -activated K + (BK Ca ) channels are commonly found in vascular smooth muscle cells (SMCs) and represent a significant proportion of all the K + channels. 9, 10 Many vasoactive factors regulate vascular tone through BK Ca channels with subsequent activation of signalling pathways resulting in vasoconstriction or vasodilatation. 10 It has been reported that inhibition of BK Ca channels by endogenous constrictors during cardiopulmonary bypass can evoke graft spasm. 11 Conversely, some compounds and drugs, such as endothelium-derived hyperpolarization factor (EDHF) can activate BK Ca channels causing membrane hyperpolarization and vasorelaxation. 12 We hypothesized that one reason for the differences in vasospasm between RA and IMA grafts may be related to differences in the activity or expression of BK Ca channels between the two arteries. The aim of the present study was to compare the electrophysiological and molecular properties of BK Ca channels between human IMA and RA sections. A greater understanding of the different characteristics between IMA and RA grafts may allow clinicians to better select and develop vasodilators to counteract the problem of arterial conduit vasospasm during and after CABG surgery.
Methods
All experimental protocols were approved by our local research ethics committee (Institutional Review Board of Singapore, IRB) and informed consent was obtained from all patients that participated in the study. The investigation conformed to the principles outlined in the Declaration of Helsinki.
Sample procurement and preparation
The artery specimens used in the present study were obtained from a total of 79 patients (9 females) undergoing elective CABG surgery in National Heart Centre of Singapore. IMA segments were obtained from 71 patients (aged 56 + 1 years) and RA segments from 36 patients (aged 61 + 1 years; some IMA and RA arteries came from same patients). The artery segments were collected in ice Kreb's solution (containing NaCl 125 mmol/L, KCl 3 18 mmol/L, Glucose 5.5 mmol/L; PH 7.2) and transported to the laboratory and studied within 1 h. The segments were placed in a Petri dish filled with the ice Kreb's solution and the surrounding fat tissue and adventitia were carefully dissected off before the samples were used.
Cell isolation procedure
Cell isolation was performed as previously described. 13 Briefly, arterial samples were placed into glass dishes filled with fresh Krebs' solution, and cut into strips of 1 mm × 1 mm. After luminal endothelial cells were scraped off using cotton buds, the strips were digested in a dissociation medium with Dithiothreitol 0.5 mg/mL, papain 2 mg/mL, collagenase Type II 5 mg/mL, and bovine serum albumin 4 mg/mL for 30 -38 min at 378C. Dissociation medium contains (in mmol/L): NaCl 140, MgCl 2 . 6H 2 O 5, KH 2 PO 4 5, HEPES-TRIS 5, Glucose 20; PH 7.4. After incubation, the digested strips were washed with dissociation medium three times, transferred to an Eppendorff tube filled with fresh dissociation medium, and gently triturated with a pasture pipette to dislodge SMCs. Finally, single freshly dissociated SMCs were collected with a 100 mm nylon filter and stored at 48C for use within 6 h. Potassium currents were evoked by 500 ms depolarizing pulses at test potentials from -60 to +80 mV (0.2 Hz) with increment of 10 mV. The holding potential in all experiments was -70 mV. For each test pulse, potassium current amplitude was measured at peak outward current at the end of the sweeps and normalized to current densities by Cm. To test the blocking effects of K + channel blockers on single SMCs, tetraethylammonium (TEA), iberiotoxin (IBTX), and 4-aminopyridine (4-AP) were added into the experimental aliquot chamber with final concentrations of 1 mmol/L, 0.1 mmol/L, and 1 mmol/L, respectively. Current traces and resting membrane potentials (Em) were taken before and after the administration of these potassium channel blockers, respectively. Current-voltage (I-V ) relationships were plotted with the data derived from the current traces.
Patch-clamp recording

Vascular ring studies
IMA and RA ring segments were freshly collected from patients during CABG and cut into around 3 mm. Vascular tone testing was performed as previously described. 14 Briefly, ring segments were equilibrated in a bath of Ca 2+ free Krebs buffer for 60 min under constant aeration with 95% O 2 and 5% CO 2 at 378C. A blunt-tip needle of around 1.5 mm (Agntho's, Lidingo, Sweden) was inserted into one end of the vessel and providing anchoring for the vessel. The other end of the vessel was cannulated with another needle and then connected to a pressure transducer and water manometer by a three-way cap. The preparation was placed on the workbench of a stereo-microscope (M205C, Leica, Germany) and 0.9 mM Ca 2+ Krebs buffer perfused through the preparation for 20 min and 1.8 mM Ca 2+ Krebs for another 20 min until a steady-state was established. The vessel was then inflated to 70 mmHg for IMA and 100 mmHg for RA which was maintained throughout the experiment. To determine the effects of K + channel blockers on intact tissue, TEA, IBTX, and 4-AP were added to the ring preparations with final concentrations of 1 mmol/L, 0.1 mmol/L, and 1 mmol/L, respectively. Before administration of the K + channel blockers, a full image of each vessel in normal mode was taken as the control image which was analysed to determine the control diameter (D control ) using an image software (Leica Application Suite, Leica, Germany). After blocker application, full images were taken seven times at intervals of 2 min and a curve of postdrug diameter vs. time was plotted. The trough plateau of the curve was taken as the diameter after drug administration (D drug ). The final blocking effect was determined using the following formula:
RNA isolation and RT-PCR
IMA and RA sections obtained from patients undergoing CABG were rinsed with Kreb's solution and stored in liquid nitrogen after connective tissue was cleaned off. Frozen tissues were thawed and homogenized directly in TRIzol (Life technologies, USA) and further extracted in chloroform before undergoing by isopropanol and ethanol precipitation. The amount of RNA in each sample was determined spectrophotometrically at wave lengths of 260 and 280 nm and qualified at the value of 260/ 280 nm . 1.8. RT -PCR was subsequently performed using one-step kit (Cat.No. 12574-018, Invitogen, UK). The gene-specific primers for the a-and b-subunits of BK Ca channels were as follows: (i) a-subunit:
Specifically, 0.25 mg of template RNA was reversedly transcribed with 1 mmol/L genespecific primers; efficient cDNA synthesis was achieved with incubation at 558C for 30 min. Each PCR was carried out for 35 cycles after 2 min denaturation at 948C in Gene Amp PCR system (2400, Singapore). Reactive cycles consisting of 60 s at sequent temperatures of 948C, 558C, and 688C were then undertaken. The controls were performed, respectively, with the absence of RNA template in the reaction system. The products Y. Shao et al. 
Calcium-activated K + channels in human arteries of PCR were fractionated in 2% agarose TAE buffer (Promega, USA) and exposed to the gel document system to produce the images. Data were expressed as values of Optical Density (OD) which was standardized to that of b-actin for the evaluation of gene expression levels.
Western blot analysis
Arterial samples were collected as described above. Western blot analysis was performed based on the method detailed previously. 15 Briefly, arterial samples were homogenized on ice in RIPA buffer (Sigma-Aldrich, USA) with an anti-protease inhibitor (Sigma-Aldrich, Poole, UK). The post-nuclear supernatant was obtained after a 10 min spin at 12 000 g. All sample protein concentrations were determined using a commercial protein assay kit (BCA, USA). Fifty micrograms of proteins were subsequently electrophoretically separated in 14% polyacrylamide gels and transferred to nitrocellulose membranes (Bio-Rad) which were then blocked for 1 h using blocking buffer [5% dried milk powder (wt/vol) in 0.05% Tween 20 (vol/vol), tris-buffered saline (TBS; Tris 0.015 mol/L, NaCl 0.150 mol/L; pH 8.0)]. Membranes were probed overnight at 48C with anti-a-subunit of BK Ca (abcam, UK) at 1:500 in blocking buffer. BK Ca rabbit polyclonal antibodies were raised against residues 1184-1200 of human BK Ca a-subunit. The other incubation was undertaken with a horseradish peroxidaseconjugated rat anti-goat secondary antibody at a 1:2000 dilution (DAKO, Ely, UK) for 1 h. After three more 10 min washes in TBS/0.05% Tween 20, membranes were finally developed by enhanced chemiluminescence (Amersham Pharmacia Biotech, Little Chalfont, UK). Appropriate negative controls without primary antibody were also performed (data not shown). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as loading control. Protein levels were expressed as values of OD which was standardized to that of GAPDH.
Statistical analysis
All values are expressed as mean + SEM. Group differences are assessed by repeated or factorial ANOVA, whereas paired sample data comparisons were performed by Student's t-test. P , 0.05 was considered statistically different.
Results
There was no significant difference in Cm in SMCs obtained from IMA and RA segments, 30.7 + 3.6 pF (n ¼ 13) and 35.74 + 2.8 pF (n ¼ 17), respectively (P . 0.05).
Effect of K 1 channel blockers on IMA and RA SMCs
Current -voltage relationships in vascular SMCs obtained from IMA and RA in the presence and absence of K + channel blockers are shown in Figure 1 . The membrane currents were standardized by cell capacitance. We found that TEA (1 mmol/L), a non-specific Ca 2+ -dependent K + channel (K Ca ) inhibitor, significantly decreased total voltage-activated membrane K + currents ( Figure 1A) . Similarly, the currents could be predominantly inhibited by IBTX (0.1 mmol/L), a highly selective blocker of BK Ca channels ( Figure 1B) . IBTX-sensitive currents were significantly greater in IMA than in RA and almost two-fold greater at +80 mV. In contrast, the non-selective voltage-gated K + channel blocker, 4-AP of 1 mmol/L, only had a weak and non-significant inhibition effect on K + currents on IMA and RA SMCs, respectively ( Figure 1C) . In the present experiment, we have the limitations for higher concentration 4-AP testing which may provide more information of Kv channels on IMA and RA SMCs. However, combining with the observation that sensitive BK Ca currents are more than half of total outward membrane K + currents at +80 mV, we propose that Kv currents might contribute to a relative minor proportion of total outward membrane K + currents on IMA and RA SMCs at +80 mV compared with BK Ca currents. The mean inhibitory effect magnitudes of K + channel blockers at +80 mV on SMCs obtained from IMA and RA segments are tabulated in Figure 1D . Interestingly, IBTX had a greater block effect on IMA SMCs than on RA SMCs, with 59.6 + 0.6 % (n ¼ 6) and 51.1 + 3.3% (n ¼ 7), respectively, of total outward membrane K + currents at +80 mV, P , 0.01
( Figure 1B and D) . There was no difference in the degree of current block on SMCs from IMA and RA sections when TEA was used. Mean resting membrane potential recorded before blockers' administration in current clamp mode were found to be 257.0 + 5.5 mV (n ¼ 18) for IMA and 250.2 + 7.1 mV (n ¼ 18) for RA, respectively, P , 0.01. We found that all three K + channel blockers significantly depolarized the membrane potential (to less negative values), with the exception of 4-AP of 1 mmol/L on RA SMCs (for which there was no significant effect; Figure 2) . Moreover, the degree of depolarization induced by IBTX was greater on SMCs from IMA sections than from RA SMCs, consistent with the greater proportion of IBTXsensitive currents on SMCs from IMA sections.
Effects of K 1 channel blockers on vessel contractions
We found that TEA (1 mmol/L) evoked significant constriction of intact IMA and RA vascular rings of 19.6 + 2.5% (n ¼ 8, P , 0.05) and 17.2 + 4.6% (n ¼ 10, P , 0.05), respectively, relative to control values in the absence of the K + channel blocker (Figure 3) .
IBTX (0.1 mmol/L) also evoked significant constriction of IMA and RA vascular rings of 18.5 + 6.7% (n ¼ 8; P , 0.05) and 10.6 + 3.1% (n ¼ 8; P , 0.05), respectively. In line with its effect on K + current inhibition and membrane potential depolarization in vascular SMCs, we found that IBTX had a greater constrictor effect on IMA vascular rings than on RA vascular rings, with percentage contractions of 18.5 + 6.7 and 10.6 + 3.1%, respectively (n ¼ 8, P , 0.05).
Gene expression of large-conductance Ca
21
-dependent K 1 channels
We also tested whether there was difference in a-and b-subunit gene expression of BK Ca channels between IMA and RA sections. Total seven IMA and seven RA arteries from eight patients were tested. For each collected vessel, PCR were performed two to three times to confirm the results of target gene expression levels.
RT-PCR analysis revealed that gene expression of a-subunits of BK Ca channels from IMA sections was greater than that from RA sections ( Figure 4) . In contrast, the densities and expression of b-subunits of BK Ca channels appeared to be very similar between two arteries. 21 -dependent K 1 channels IMA and RA segments obtained from patients undergoing CABG were homogenized and subjected to the analysis of western blotting using antibodies directed against the a-subunit of BK Ca channels. Total five IMA and four RA arteries from six patients were tested. For each collected vessel, western blotting was repeated two to three times to confirm the target protein expression levels. We found that protein levels of BK Ca a-subunit were greater in IMA than in RA sections, with relative OD value of 0.83 + 0.03 and 0.48 + 0.03, respectively, n ¼ 9, P , 0.05 ( Figure 5 ).
Expression of a-subunits of large-conductance Ca
Discussion
The main finding of the present study is that the density of total outward membrane potassium currents activated by stepped voltages from IMA SMCs is almost two times greater than that from RA SMCs. Furthermore, we found that BK Ca -sensitive currents were also about two times greater in SMCs obtained from IMA samples than from RA samples. Our results are in agreement with previous studies which have individually reported the importance of BK Ca currents in the regulation of vascular tone in both IMA and RA. 13, 16 For the first time, we have directly compared the density and electrophysiology of BK Ca channels between SMCs from IMA and RA samples. Our findings may partly explain why RA grafts are more likely to encounter vasospasm compared with IMA grafts. The greater density of BK Ca channels in IMA segments allows for greater hyperpolarization, as demonstrated by a larger negative resting membrane potential, cellular repolarization, and vessel relaxation. Consistently, we also found that IBTX, a special blocker of BK Ca channels, induced greater depolarization of membrane potential and stronger constriction of IMA segments compared with RA segments, suggesting that alteration of BK Ca by some vasoconstriction factors increased during CABG may be responsible for IMA spasm. However, the observation that IMA is less susceptible to spasm than RA suggests that IMA may have a greater vasodilatory system to counteract the effect of vasoconstriction factors or that vasoactive substances, other than BK Ca -sensitive vasoconstrictors, are responsible for RA spasm during graft surgery. Potassium channel activity is the main regulator of vascular smooth muscle membrane potential (Em) and is therefore an important determinant of vascular tone. Vasoconstriction and the compromised ability of an artery to dilate often result from abnormal potassium channel function under abnormal states. 17, 18 Many anti-spasm factors work through potassium channel signalling pathways. Nitric oxide (NO), prostacyclin (PGI 2 ), and EDHF are the three endothelium-dependent vasorelaxant autocoids which activate Ca 2+ -dependent potassium channels, causing hyperpolarization of SMC membrane potential, thereby counteracting vasoconstriction of graft arteries. 19, 20 Bradykinin (BK) and acetylcholine (ACh) induce endothelium-dependent relaxation independently of NO and PGI 2 pathways. 12 Membrane hyperpolarization secondary to these agents has been demonstrated to occur via the activation of Ca 2+ -dependent potassium channels. 12 Potent vasodilatation with nicorandil, a combined ATP-sensitive (K ATP ) opener and NO donor, has been reported to counteract endothelin-mediated vasoconstriction in RA. 21 However, K ATP openers are ineffective in relaxing phenylephrine-induced vasoconstriction in human IMA. 22 These findings suggest that there are important differences in potassium channel composition in SMCs from RA and IMA, which is the likely explanation for the clinical differences in sensitivity to vasospasm between the two arteries. We propose that graft spasm may be a result of an imbalance between vasoconstricting and vasodilatating factors during CABG surgery and have provided support for this proposal by demonstrating differences in BK Ca currents and channels between IMA and RA segments. The present study demonstrates that BK Ca currents contribute significantly to total membrane voltage-activated currents and play a prominent role in the maintenance of resting membrane potential. Our findings suggest that the impact from BK Ca currents on vessel tone may be significant compared with other smaller membrane currents, including K ATP currents. Therefore, differences in BK Ca expression and current density between IMA and RA segments may be one of the underlying reasons predisposing RA segments to an increased chance of vasospasm. Basal and stimulated releases of NO and PGI 2 have been reported to be significantly greater in IMA segments than in RA segments, and EDHF-mediated hyperpolarization induced by BK in IMA appears to be greater than that in RA after excluding NO and PGI 2 by the combination of N G -nitro-L-arginine (L-NNA) and oxyhaemoglobin (Hb). 12, 23 EDHF has been demonstrated to have similar vasodilatory actions to those of NO or PGI 2 by opening SMC BK Ca channels, hyperpolarizaing Em and consequently decreasing intracellular calcium concentration. 24, 25 Since vascular relaxation through BK Ca activation is the most important part of total endothelium dependent relaxation, this channel has an important role to play in the maintenance of vessel tone. 10 The greater density of BK Ca in IMA sections may be necessary for the greater basal release of NO and PGI 2 in IMA and a prerequisite for more significant hyperpolarization mediated by EDHF which are appropriately supported by the present findings. Another facet for the observation that IMA segments are less susceptible to spasm than RA segments may be related to vasoactive substances other than BK Ca -sensitive vasoconstrictors that are released during graft surgery due to the different ways of graft artery harvesting. It was reported that a host of vasoactive substances such as endothelin-1 (ET-1), catecholamine, thromboxane A 2 (TXA 2 ) were produced and increased during the peri-operative period, which could destroy the balance of vasoconstriction and vasodilatation. 11 Moreover, the contractility mediated through ET-A (ET-1 receptor) and alpha-adrenergic receptor is greater in SMCs from RA compared with IMA, 6, 26 consistent with the finding of greater vasoconstriction induced by ET-1 or phenylephrine in RA than in IMA. 27 The greater receptor-mediated vasoconstriction and lower vasodilatation present in RA segments, is a likely explanation for RA grafts being more susceptible to vasospasm compared with IMA grafts.
In conclusion, we have demonstrated a greater density of total outward membrane K + currents in human IMA compared with RA segments coupled with greater Ca 2+ -activated K + currents in SMCs from IMA sections. This may partly explain the finding of greater spasm in RA grafts compared with IMA grafts. Our results may be of value in determining the best anti-spasm agent to use peri-operatively.
